2-ethylhexyl hydrogen-2-ethylhexylphosphonate (EHEP) is commonly used as a metal extractant because it has a particular affinity for rare-earth metals like Scandium (Sc). To develop a highly-selective adsorbent of Sc(III), EHEP was introduced as a functional group onto a polyethylene fabric with radiation-induced graft polymerization(RIGP). The adsorption performances for Sc(III) were evaluated with aqueous solutions containing Sc(III) and Fe(III) in bath and column tests. As a result of column test, the adsorption capacities of Sc(III) and Fe(III) until the bed volume reached 5000 were 5.22 and 0.12 mg/g, respectively. It means that the amount of collected Sc(III) by the EHEP adsorbent was approximately 44 times higher than that of Fe(III). These results indicate that the grafted adsorbent containing EHEP has an extremely high selectivity for Sc(III) adsorption.
Introduction
A fibrous adsorbent containing phosphoric acids which has a predilection for Scandium (Sc)(III) [1] [2] , has * Corresponding author. been investigated to recover Sc(III) from hot spring water [3] . The Sc(III) recovery was conducted with the adsorbent, which was prepared by introducing 2-hydroxyethyl methacrylate phosphoric acid (HMPA) into a nonwoven polyethylene fabric with radiation-induced graft polymerization (RIGP) [4] , in Kusatsu Hot Springs in Gunma Prefecture [5] . The adsorbent containing HMPA could rapidly collect Sc(III) from hot spring water contained a low concentration of Sc(III). However, Fe(III) was also caught by the adsorbent unwillingly because the Fe(III) had dissolved at a 400 times higher than concentration of Sc(III) in hot spring water with acidic condition. To recover Sc(III) efficiently from hot spring water, a highly-selective adsorbent for Sc(III) was required.
2-ethylhexyl hydrogen-2-ethylhexylphosphonate (EHEP) is a superior metal extractant and is widely used in solvent extraction [6] [7] . EHEP has a particular affinity for rare-earth metals like Sc(III), especially in acid solutions [8] - [10] . If EHEP is able to be introduced into a polymeric material while maintaining its efficiency, it is possible to develop a highly-selective adsorbent for Sc(III).
RIGP is a useful technique to functionalize a polymeric material such as cellulose, polypropylene and polyethylene [11] - [13] . By using the RIGP technique, the functional groups can be introduced into the polymeric material without changing its characteristic dramatically. In the case of introducing the EHEP as a functional group, first dodecyl methacrylate (DMA) which has long-chain alkyl groups, was introduced with RIGP onto the polymeric material, and subsequent introduction of EHEP by hydrophobic interaction of long-chain alkyl groups in the DMA structure and that of EHEP (Figure 1) .
In this article, the highly-selective adsorbent for Sc(III) was developed by introducing EHEP with RIGP technique, and evaluation of its adsorption performance for Sc(III) was carried out with an aqueous solution containing Sc(III) and Fe(III).
Experimental

Materials
A non-woven fabric composed of polyethylene coated polypropylene fiber was purchased from Kurashiki Textile Manufacturing Co., Ltd. to be used as a base material for the adsorbent. EHEP was provided by Daihachi Chemical Industry Co., Ltd.DMA, Tween 20, phosphoric acid and methanol were supplied by Kanto Chemical Co., INC. A monomer of GMA and HMPA were purchased from Tokyo Chemical Industry Co., Ltd. and Kyoeisha Chemical Co., Ltd., respectively. All chemicals were used without further purification.
Preparation of the Adsorbent for Sc(III) Adsorption
The non-woven fabrics were packed into polyethylene bags. Then, the inside of the bags were made into a nitrogen atmosphere with nitrogen gas, which were irradiated at the maximum dose of 500 kGy with an electron beam accelerator under a dry ice temperature. The irradiated fabrics were placed into glass ampoules and were evacuated. A deoxidized monomer solution, which was a mix of DMA, Tween 20, and deionized water, was transferred into the ampoules. The concentrations of DMA and Tween 20 in the solution were 20% and 2% (w/w), respectively. The grafting of DMA was carried out at 60˚C for 6 hours. After grafting, the grafted fabrics were washed with methanol to remove the residual DMA and homopolymer. The degree of grafting (Dg) was calculated by the following equation;
where W 0 and W 1 were the weight of fabrics before and after graft polymerization. To introduce EHEP as a functional group by hydrophobic interaction of long-chain alkyl group in the DMA structure and that of EHEP, the grafted fabrics were soaked in EHEP, and were shaken for 12 hours at room temperature. The adsorbents introduced EHEP (EHEP adsorbent) were obtained after the residual EHEP was removed.
Evaluation of the EHEP Adsorbent
The adsorption performance of Sc(III) was evaluated with an aqueous solution containing Sc(III) and Fe(III) at concentrations 1 mg/L in batch and column adsorption tests. To compare the adsorption performance for Sc(III), two other types of adsorbents containing phosphoric acid as a functional group were prepared for batch adsorption tests. One of the adsorbents was prepared with RIGP of glycidyl methacrylate (GMA), and followed by chemical modification with phosphoric acid (GMA-PA adsorbent). Another adsorbent was synthesized by introducing HMPA with RIGP technique (HMPA adsorbent). The adsorbents were soaked in 50 mL of the aqueous solutions containing Sc(III) and Fe(III), and were stirred for 12 hours at room temperature. The solutions were adjusted to pH 0, 1, 2 and 3 with nitric acid. After the adsorption tests, the concentrations of Sc(III) and Fe(III) in the solutions were measured with induced coupled plasma atomic emission spectroscopy [ICP-AES, Perkin Elmer Inc., Optima 4300DV]. In the column test, 0.08 mL of the EHEP adsorbent was packed into a 7 mm internal diameter column. The aqueous solution containing Sc(III) and Fe(III) was adjusted to pH 1, then it was delivered to the column at the flow rate of space velocity (SV) 250 h −1 .
Results and Discussion
Preparation of the Adsorbent for Sc(III) Adsorption
The RIGP of DMA was conducted with 20% (w/w) of the DMA solution for 6 hours at absorbed dose of 20, 30, 50 100, 200 and 500 kGy. The effect of the absorbed dose on the Dg was shown in Figure 2 . The Dg increased simultaneously with the absorbed dose. The Dg reached 120% at the absorbed dose of 500 kGy. To introduce EHEP as a functional group, the grafted fabric of Dg 120% was soaked into EHEP for 12 hours and consequently the EHEP adsorbent with the density of 1.0 mmol/g was obtained. The adsorbent was analyzed by using a spectrum one FT-IR spectrometer [Perkin Elmer Co., Ltd.]. As shown in Figure 3 , the FTIR spectrum of the EHEP adsorbent showed a new characteristic adsorption band of EHEP at around 1240 cm −1 ,which was due to the double bond between the phosphorus and oxygen, in addition to the same adsorption band of the base material. This result confirmed the presence of EHEP in the adsorbent.
Evaluation of the EHEP Adsorbent
The effect of pH on the Sc(III) adsorption with Fe(III) coexisting was investigated at pH 0, 1, 2 and 3 with the three types of adsorbent containing phosphoric acid groups. As shown in Table 1 , the EHEP adsorbent had the high adsorption capacity more than 6.5 mg/g for Sc at any pH. In the case of the GMA-PA adsorbent, the adsorption capacity of Sc(III) increased with decreasing the pH, and the maximum capacity was 3.9 mg/g at pH 0. The HMPA adsorbent had an adsorption capacity of approximately 1 mg/g at the pH of 0 to 4. As a result, the EHEP adsorbent showed a high adsorption capacity of more than double in comparison with the two other types of adsorbent at any pH. The adsorption capacity of Fe(III) increased as the pH increased with every type of adsorbent. The selectivity of Sc(III) adsorption was evaluated as follows, where R Sc and R Fe were the adsorption ratio of Sc(III) and Fe(III), respectively. The selectivity for Sc(III) versus Fe(III) of the EHEP, GMA-PA and HMPA adsorbents were presented in Figure 4 . In this figure, the Y-axis is the selectivity for Sc(III). For example, if the selectivity of Sc(III) reached 100, all of the Sc(III) in the solution was adsorbed and Fe(III) was not adsorbed at all. If the selectivity of Sc(III) was less than 0, the adsorption ratio of Sc(III) was lower than that of Fe(III). As shown in Figure 4 , the selectivity of Sc(III) increased by decreasing the pH in all types of adsorbent. Compared with two other types of adsor-- bents, the EHEP adsorbent showed an extremely high selectivity for Sc(III) at any pH. The selectivity of Sc(III) reached higher than 90 in strongly acidic conditions (pH 0 and 1). Therefore, the column mode adsorption test was carried out with the aqueous solutions containing Sc(III) and Fe(III) adjusted to pH 1.
The breakthrough curves of Sc(III) and Fe(III) adsorption were shown in Figure 5 . The breakthrough curve was obtained by plotting C/C 0 which was the concentration of Sc(III) and Fe(III) in the feeding solution (C 0 ) and the effluent (C) versus bed volume (BV). The breakthrough point was defined when C/C 0 reached 0.05. The breakthrough point of Sc(III) adsorption was BV 564. The C/C 0 of Sc(III) gradually increased incrementally in BV, and reached 0.78 at BV 5000. In the case of Fe(III) adsorption, the C/C 0 exceeded the breakthrough point immediately following the start of the adsorption test, and reached 1.00 at BV 362. The adsorption capacities of Sc(III) and Fe(III) until the BV reached 5000 were 5.22 and 0.12 mg/g, respectively. It means that the amount of collected Sc(III) by the EHEP adsorbent was approximately 44 times higher than that of Fe(III). These results established that the EHEP adsorbent could collect Sc(III) selectively from a strongly acidic water media.
Conclusion
The highly-selective fibrous adsorbent for Sc(III) was developed by RIGP of DMA and subsequent introduction of EHEP as a functional group by hydrophobic interaction of long-chain alkyl group in the DMA structure and that of EHEP. The EHEP adsorbent exhibited a high adsorption capacity and selectivity for Sc(III) in acidic conditions compared with other types of the adsorbents containing phosphoric acid groups. In the case of column mode adsorption test using an aqueous solution containing Sc(III) and Fe(III) at pH 1, the adsorption capacity of Sc(III) with the EHEP was 44 times higher than that of Fe(III). It meant that the EHEP adsorbent could collect only Sc(III) mostly without Fe(III) adsorption. If the EHEP adsorbent is able to be applied for the Sc(III) recovery from hot spring water, it will be achieved the practical use of the Sc(III) recovery and hot spring will be a new resource of Sc.
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